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As we anticipate the first results of the 2016 run, we assess the discovery potential of the LHC to
“natural supersymmetry”. To begin with, we explore the region of the model parameter space that
can be excluded with various centre-of-mass energies (13 TeV and 14 TeV) and different luminosities
(20 fb−1, 100 fb−1, 300 fb−1 and 3000 fb−1). We find that the bounds at 95% C.L. on stops vary
from mt˜1 >∼ 800 GeV expected this summer to mt˜1 >∼ 1500 GeV at the end of the high luminosity
run, while gluino bounds are expected to range from mg˜ >∼ 1700 GeV to mg˜ >∼ 2500 GeV over the
same time period. However, more pessimistically, we find that if no signal begins to appear this
summer, only a very small region of parameter space can be discovered with 5σ significance. For
this conclusion to change, we find that both theoretical and systematic uncertainties will need to be
significantly reduced.
I. INTRODUCTION
The Large Hadron Collider (LHC) has entered the
next stage of its endeavour to discover physics beyond
the standard model (BSM). Unfortunately, the lack of
a clear signal of new physics has already significantly
constrained the allowed parameter space of many BSM
models. In particular, the limits on supersymmetric
(SUSY) particles have moved, in many cases, well be-
yond 1 TeV (see e.g. [1–6]).
The improved limits on SUSY seem to be particu-
larly damaging for constrained models that only have
a few free parameters and do not offer much flexi-
bility in the resulting mass spectra [7]. In addition,
the heavy particles deduced from the limits threaten
one of the main motivations for SUSY, which is sta-
bilisation of the electroweak symmetry breaking scale
(EWSB). However, the constrained models rely on as-
sumptions about the details of the unknown SUSY
breaking mechanism. Once we relax the assumptions
about the high energy completion of the theory, the
parameter space opens up to many new possibilities
that could accommodate relatively light, but still not
excluded, particles, while addressing some of the prob-
lems related to the naturalness of EWSB.
It has been noted [8–12] that for a successful stabil-
isation of the electroweak scale, only a small subset of
∗ jong.kim@csic.es
† krolb@fuw.edu.pl
‡ rruiz@ific.uv.es
§ tattersall@physik.rwth-aachen.de
¶ torsten.weber@rwth-aachen.de
the many SUSY states are required to be light, and
consequently, this helps to relax the general bounds
on SUSY models with relatively light spectra. Such
observations have renewed interest in so-called “nat-
ural supersymmetry” models in the context of LHC
searches. The motivation behind natural supersym-
metry is the question of fine-tuning, see e.g. [13, 14],
which is required to obtain the desired scale of EWSB.
Low fine-tuning demands certain parameters to be of
order of the EWSB scale, in particular, the supersym-
metric partners of the top quarks and Higgs bosons
are expected to be light. A detailed analysis also re-
veals [15] that the amount of fine-tuning is closely re-
lated to the mass of the gluino, the superpartner of
the gluon. Thus, within the naturalness paradigm,
one can expect that SUSY is within the LHC reach,
and many studies have investigated the phenomenol-
ogy of natural SUSY at the LHC (see e.g. [10, 16–
22]). On the other hand, the measured mass of the
Higgs boson [23] requires rather heavy partners of top
quarks [24] in the minimal supersymmetric standard
model (MSSM) which clearly already puts the natu-
ralness paradigm into question.
In Ref. [22] the authors presented constraints on
a natural supersymmetry scenario derived from Run
1 results at the LHC. They called their scenario the
minimal “natural supersymmetry”, since only the su-
perparticles which were required to cancel the lead-
ing quadratically divergent corrections to the stan-
dard model (SM) Higgs mass were kept light. They
derived robust limits, implying that the lighter stop
mass eigenstate with mass below 230 GeV or a gluino
with mass below 440 GeV is always excluded.
A dedicated analysis targeting natural SUSY was
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2carried out by ATLAS in Ref. [3]. It resulted in rather
weak limits, both in the simplified model setup and in
a natural-supersymmetry-motivated phenomenologi-
cal MSSM in a three-dimensional parameter space.
The excluded stop masses were typically in the range
350–500 GeV, when the higgsino mass <∼ 150 GeV. If
simultaneous production of stops and sbottoms was
taken into account, stop masses up to 680 GeV were
excluded for higgsinos at the current limit ∼100 GeV.
In this paper we revisit prospects for discovery of
natural SUSY in the Run 2 of the LHC as well as after
the future high luminosity (HL) upgrade. We follow a
staged approach, which means that we consider differ-
ent integrated luminosities and centre-of-mass energies
that are currently planned at CERN [25, 26]:
• 13 TeV, 20 fb−1 – expected for 2016;
• 13 TeV, 100 fb−1 – Run 2 total luminosity by
2018;
• 14 TeV, 300 fb−1 – Run 3 luminosity, 2020–2023;
• 14 TeV, 3000 fb−1 – HL upgrade.
For each stage we analyse the expected exclusion lim-
its, and in the case of the high luminosity upgrade we
also consider the discovery reach for natural SUSY.
One of the main motivations of the current study
is the question of what the potential future discovery
reach is with increased centre-of-mass energy and inte-
grated luminosity assuming that no signal is observed
this year after collecting 20–30 fb−1 of data. This is
a relevant issue since 95% confidence level (C.L.) ex-
clusion limits advance much faster than the discovery
reach that conservatively requires 5σ significance for
serious consideration. Therefore, if null results are ob-
tained this year, the question is, can we still hope to
make a discovery at the LHC? We find that the an-
swer has a significant dependence on how well system-
atic uncertainties can be reduced in the future and we
therefore consider different scenarios for their future
evolution.
In this study we closely follow the numerical pro-
cedure of Ref. [22]. We investigate the minimal six-
dimensional natural SUSY model where higgsinos,
gluinos and third-generation squarks are all assumed
to be in the vicinity of the TeV scale. We work within
the MSSM setup, with the lightest neutralino as the
lightest supersymmetric particle (LSP) assuming con-
served R-parity [27]. We have randomly generated
20000 benchmark points in the minimal natural su-
persymmetry parameter space. The numerical anal-
ysis is performed with simulated Monte Carlo (MC)
samples further processed by CheckMATE [28] using
Delphes [29] for detector simulation and analysis. We
include several ATLAS searches that are suited partic-
ularly well for natural SUSY, both inclusive and more
specific for this model. The searches were optimised
for different stages of the LHC operation from low to
high luminosities and an increased centre-of-mass en-
ergy.
The remainder of this article is organised as follows.
In Sec. II we describe our natural SUSY inspired sce-
nario and its collider signatures. Next, in Sec. III,
we first discuss the numerical tools employed for this
study and then discuss the setup for our scan. Finally,
we present our numerical results in Sec. IV and show
limits on the stop and the gluino mass as a function
of the LSP mass. We conclude in Sec. V.
II. NATURAL SUPERSYMMETRY SETUP
The electroweak symmetry breaking condition of
the MSSM dictates the following relation,
µ2 =
m2Hd −m2Hu tan2 β
tan2 β − 1 −
1
2
M2Z , (1)
which correlates the supersymmetric Higgs mixing pa-
rameter µ with the soft supersymmetry breaking mass
terms m2Hd and m
2
Hu
, the ratio of the two Higgs vac-
uum expectation values tanβ = vuvd and the observed
Z mass. This tree level equation serves as the starting
point for a qualitative discussion of naturalness. We
regard the MSSM as natural if the individual terms are
of the same order as MZ . If the supersymmetric parti-
cles are too heavy, they will give large contributions to
the various mass terms of Eq. (1). As a consequence,
all individual contributions have to be finely tuned in
order to obtain the correct Z boson mass.
However, not all supersymmetric sparticles con-
tribute equally to Eq. (1). The most important con-
tribution comes from the left-hand side, i.e., the µ pa-
rameter. Hence, a very simple definition of natural-
ness only requires the µ parameter to be of the order
of the electroweak scale, and consequently, this im-
plies light higgsinos [10, 11]. For example, the MSSM
with |µ| ≤ MZ would be regarded as very natural,
although this is already in conflict with the LEP2 re-
sults [30]. Recently, it has been pointed out that an
exception to this rule is possible if an additional Hig-
gsino soft breaking term is included [31], and this al-
lows for mH˜ . 500 GeV for ∼10% tuning.
Unfortunately, radiative corrections complicate this
picture significantly and must be included for con-
sistency since they can lead to very large effects.
The dominant one-loop corrections to m2Hu and m
2
Hd
in Eq. (1) are driven by the top partners (stops)
since they couple with the large top Yukawa coupling
strength. As the one-loop contribution scales with
the square of the stop masses, the stops should not
be too heavy (mt˜ . 800 GeV for ∼10% tuning [12])
in order to prevent unduly large contributions to the
right-hand side of Eq. (1). Analogously, two-loop cor-
rections renormalise the Higgs soft breaking masses
as well and put an upper limit on the gluino mass
(mg˜ . 1200 GeV for ∼10% tuning [12]), though the
3constraints are weaker than those present on the hig-
gsino and stop mass. The following qualitative pic-
ture emerges from the naturalness principle: light hig-
gsinos, not too heavy stops and gluinos that are not
decoupled from the LHC phenomenology [8, 9, 12].
However, the exact definition of naturalness de-
pends on the degree of fine-tuning. A quantitative
measure of fine-tuning was defined in [13]:
∆ =
∣∣∣∣ aM2Z ∂M
2
Z
∂a
∣∣∣∣ , (2)
where a is an input parameter which can be a soft
breaking parameter at the electroweak scale, but it
could equally well be a universal soft breaking param-
eter at some high scale of a constrained supersymmet-
ric model. A value of ∆ = 20 would then correspond
to a fine-tuning of ∆−1 = 5%. Equation (2) together
with the amount of fine-tuning ∆ that one is willing to
accept, gives an upper limit on the sparticle masses.
Due to their much smaller couplings, it is clear that
the first two generation squarks and sleptons, as well
as the electroweak bino and wino, only have a negligi-
ble impact on naturalness.
Here, we want to be agnostic about the exact
amount of natural fine-tuning, since this is somewhat
subjective. We closely follow the description of the
natural SUSY particle spectrum discussed in Ref. [22].
We only consider supersymmetric particles which are
essential to cancel the quadratic divergences to the
Higgs mass, and thus our scenario can be regarded
as the minimal natural MSSM. We demand higgsinos
with masses below the TeV scale, third-generation soft
squark masses up to 2 TeV and gluinos with masses
below 3 TeV. We assume that all sleptons and the first-
and second-generation squarks have a common mass
scale at m2
f˜
= 1.5× 107 GeV2. Since we only consider
scenarios with tanβ ≤ 20, the sbottom loop contribu-
tion to the Higgs mass is negligible, and thus we fix the
mass of the right-handed sbottom bR at the same com-
mon sfermion mass scale mf˜ . However, since we con-
sider both stop states, in particular, the SU(2)-doublet
stop, we also have to include the left-handed sbottom
due to weak isospin invariance. Ab does not play a role
in the phenomenology, and we fix it to Ab = 0 GeV
without loss of generality. Finally, we set the bino
mass parameter M1 and wino mass parameter M2 to 3
TeV. All additional MSSM Higgs bosons are assumed
to be decoupled by fixing the pseudoscalar mass at
mA = 2.5 TeV. Figure 1 shows the supersymmetric
particle spectrum of the minimal natural MSSM. In
summary, our natural SUSY scenario is parametrised
in terms of six parameters: the supersymmetric Higgs
mixing parameter µ, the gluino mass parameter M3,
tanβ, the third-generation SU(2)-doublet squark soft-
breaking parameter mQt , the corresponding SU(2)-
singlet soft-breaking parameter mtR , and the top tri-
linear soft-breaking term At.
In natural SUSY the dominant production mecha-
nism is the pair production of third-generation sparti-
FIG. 1. The minimal natural SUSY mass spectrum are
shown on the left, while the remaining supersymmetric
particles are decoupled on the right.
cles and gluinos via strong interactions,
pp→ g˜g˜, pp→ t˜1(2)t˜∗1(2), pp→ b˜1b˜∗1. (3)
Here, we will not consider direct higgsino pair pro-
duction. In general, the mass splitting between the
higgsino mass eigenstates is a few GeV, and thus the
energy release of the SM particles in χ˜±1 and χ˜
0
2 decays
is too small to be detected at the LHC. Both are invis-
ible at the LHC provided their decays into the χ˜01 LSP
are prompt. As a result, only higgsino pair produc-
tion in association with a jet yields a viable collider
signature. However, the small production cross sec-
tion for the monojet final state, together with the large
systematic uncertainty of the SM background predic-
tion,1 allows only the exclusion of very light higgsinos
even at the high luminosity phase of the LHC [33].
The decay modes of the coloured sparticles are com-
plicated and depend on the mass hierarchy as well
as the mixing of the third-generation sparticles. If
the gluino is decoupled, the following third-generation
scalar decays can occur,
t˜a → tχ˜0l , bχ˜±1 , l = 1, 2, (4)
b˜1 → bχ˜0l , tχ˜±1 , l = 1, 2. (5)
When we neglect phase-space suppression, the branch-
ing ratios of the stops are determined by the dominant
coupling character of the state in question. Namely,
the SU(2)-doublet decays mainly to tχ˜01,2 since the
t˜Ltχ˜
0
1,2 coupling is proportional to the top Yukawa
coupling, while t˜Lbχ˜
±
1 ∼ Yb in the higgsino case. On
the other hand, the SU(2)-singlet t˜1 decays to bχ˜
+
1 and
tχ˜01,2 at similar rates, with all couplings proportional
to Yt for higgsinos (see e.g. [34]).
1 For a discussion of the systematic uncertainty, please refer to
the discussion in Ref. [32]
4FIG. 2. Decay modes in natural SUSY assuming decoupled
gluinos.
Decays into lighter third-generation scalars involv-
ing SM gauge bosons and the Higgs scalar are also
possible,
t˜a → b˜1W±, b˜1 → t˜1W±, (6)
t˜2 → t˜1Z, t˜2 → t˜1h. (7)
If the two-body decay modes are kinematically closed,
in particular, t˜1 → bχ˜±1 , the stop can have a sizeable
branching ratio in three- and four-body final states. If
all tree-level decays of the lighter stop t˜1 are heavily
suppressed, the loop-induced decay t˜1 → cχ˜01 can be
the dominant decay mode of the lighter stop [35]. Ex-
amples of a typical spectrum in the gluino decoupled
case with the corresponding decay modes are shown
in Fig. 2.
If the gluino is light enough, direct decays of the
third-generation sparticles via strong interactions are
possible,
t˜a → tg˜, b˜1 → bg˜, a = 1, 2. (8)
However, in this region of parameter space the far
larger gluino production rate means that the produc-
tion of the heavier stops is phenomenologically unim-
portant.
Finally, gluinos typically decay via
g˜ → t˜at¯, t˜∗at, b˜1b¯, b˜∗1b, a = 1, 2. (9)
If the two-body decays are phase-space suppressed, de-
cays via off-shell squarks are possible,
g˜ → tt¯χ˜01(2), bb¯χ˜01(2), t¯bχ˜+1 , b¯tχ˜−1 . (10)
We can already see that the gluino pair production
will yield high b-jet multiplicities in the final state. If
all third-generation sparticles are decoupled, the loop-
induced decay can become dominant [36],
g˜ → gχ˜01. (11)
Several characteristic decay modes with sample mass
hierarchies are summarised in Fig. 3.
FIG. 3. Decay modes in natural SUSY assuming light
gluinos in the spectrum.
III. NUMERICAL ANALYSIS
A. Numerical tools
The masses, couplings and branching ratios of all
sparticles in our natural SUSY setup are calculated
with SPheno 3.2.4 [37].2 For each model point, MC
events are generated with Pythia 8.210 [38, 39] at the
centre-of-mass energy 14 TeV using its default parton
distribution function set [40]. The production cross
sections are normalised with NLLFAST 4.1 [41–46],
which computes hadronic SUSY cross sections at next-
to-leading order and resums the soft gluon emission at
next-to-leading logarithmic accuracy. The hadronic
events have been passed to CheckMATE 1.2.1 [28, 47,
48], which is based on the fast detector simulation
Delphes 3.10 [29] and Fastjet 3.0.6 for the jet re-
construction [49–51]. CheckMATE tests all model points
against experimental searches at the LHC. For each
model point, it determines the number of expected
signal events in all signal regions. In order to test the
future exclusion sensitivity and discovery potential,
we compare the signal predictions with the SM back-
ground estimates and errors provided by the ATLAS
Collaboration for a given luminosity and centre-of-
mass energy. In order to make predictions at other en-
ergies or total integrated luminosities, the background
numbers and errors have to be rescaled accordingly.
The precise procedure we use is described in Sec. III C.
B. Scan procedure
We have randomly generated numerical values for
the natural SUSY parameters listed together with
2 For the Higgs mass constraint we use SPheno 3.3.8.
5their scan ranges:
0.1 TeV ≤ |µ| ≤ 1.0 TeV,
0.1 TeV ≤mQ˜t ≤ 2.0 TeV,
0.1 TeV ≤ mt˜R ≤ 2.0 TeV,
0.1 TeV ≤ |M3| ≤ 3.0 TeV,
|At| ≤ 3.0 TeV,
1 ≤ tanβ≤ 20.
All probability distribution functions for the input pa-
rameters are flat, and their lower limits are motivated
by the null results from searches for supersymmetric
particles performed by the LEP2 and Tevatron exper-
iments.
The soft breaking parameters are given in the DR
scheme and passed to the spectrum generator SPheno,
which calculates on-shell masses and decay widths as
well as low-energy electroweak precision observables.
We apply a large number of theoretical and experi-
mental constraints on our benchmark points, which
we will discuss in the following.
We demand that all benchmark points satisfy the
conditions for correct electroweak symmetry breaking
and that the spectrum is tachyon free. Moreover, we
demand a CP-even Higgs boson with a mass mh =
125± 3 GeV with SM-like couplings. We also test our
benchmark points against electroweak precision ob-
servables such as the ρ parameter [52] and constraints
from b physics experiments [53]. In particular, we take
into account constraints from b→ sγ, b→ sµ+µ− and
Bu → τν. We apply a lower limit on the chargino mass
of 100 GeV [54–56]. Finally, we demand a sufficiently
large mass splitting, mχ˜±1
−mχ˜01 > 280 MeV, between
the higgsino-like NLSP (χ˜02, χ˜
±
1 ) and the LSP (χ˜
0
1),
allowing for a prompt decay, so we do not consider
searches for long-lived SUSY particles.
Since R-parity is conserved, the LSP is stable and
contributes to the dark matter relic density. For stan-
dard cosmology scenarios, the abundance is deter-
mined by the thermally averaged annihilation cross
section, and the resulting relic density has to satisfy
the precision measurement of the dark matter den-
sity from the cosmic microwave background. However,
a higgsino dark matter particle efficiently annihilates
into SM particles and satisfies the upper limit on the
relic density unless mχ˜01
>∼ 1 TeV [57], which is satis-
fied by all of our points. In addition, if we extended
our minimal natural SUSY scenario with a bino-like
neutralino LSP or a singlino LSP, the observed dark
matter abundance could be explained in a large region
of our parameter space [58, 59].
From the 150000 benchmark points initially gen-
erated, 20000 pass all preselection cuts. We show
in Fig. 4 the distributions of the higgsino, third-
generation scalar quark and gluino masses. The hig-
gsino is the lightest sparticle in our spectrum and has
a reasonably flat mass distribution. However, it de-
creases at its upper limit since in this region of pa-
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FIG. 4. Distributions for the masses of the SUSY particles,
χ˜01, g˜, t˜1, t˜2 and b˜1, for our model points satisfying the
preselection criteria.
rameter space the higgsino is quite often not the LSP,
consequently, these benchmark points are removed.
Only a few benchmark points contain a very light
stop with masses below 500 GeV. A light t˜1 usually
requires a heavy t˜2 in order to increase the Higgs
mass sufficiently. This can be seen in the rather large
mass splitting between the lighter and heavier stop
mass eigenstates. The direct stop searches of Run 1
are not sensitive to t˜2 production for our parameter
points since the cross section is too small, although
indirect production via gluino decay may still be a
non-negligible production channel. However, for Run
2 and for larger integrated luminosities, direct t˜2 pair
production may become accessible at the LHC.
For the sbottom mass eigenstate b˜1, the distribution
covers a large range of masses. An SU(2)-doublet stop
is accompanied by a sbottom with similar mass, and
thus we expect for light left-handed stops, light sbot-
toms in the mass spectrum as well. The gluino mass
distribution is flat above 1 TeV. It quickly falls off for
gluino masses below 1 TeV since here the gluino could
become lighter than the higgsino; hence these points
would be removed.
Table I shows all relevant searches currently imple-
mented in CheckMATE and the left column provides the
CheckMATE identifier for each search. The second col-
umn gives the centre of mass energy and the third col-
umn displays the integrated luminosity that the search
has originally been tuned for, and the fourth column
gives the target final state for which the corresponding
search has been optimised for. The majority of the im-
plemented searches are official ATLAS high luminosity
studies which already cover a large number of our fi-
nal state topologies. However, since we expect a large
b-jet multiplicity in our natural SUSY scenarios, we
have also included the current multi-b-jet and missing
transverse momentum search at
√
s = 13 TeV with a
6total integrated luminosity of 3.3 fb−1 [60]. Detailed
information about the implemented searches can be
found in Sec. III D.
The calculation procedure starts with the gener-
ation of Monte Carlo events, including all hadronic
production processes given in Eq. (3). The relative
frequency of MC events is weighted according to the
NLO+NLL cross section of the respective production
channel. The hadronic MC events are then passed
to CheckMATE which simulates the ATLAS detector
response with the fast detector simulation Delphes
which has a modified detector tuning and an extended
list of final state objects. In particular, realistic b-
jet tagging efficiencies and mistagging efficiencies were
implemented. This is essential to obtain reliable re-
sults since a large number of natural SUSY searches
in Table I rely on b-tagging in order to isolate the
signal from SM backgrounds. CheckMATE further pro-
cesses the reconstructed detector-level objects with its
analysis module.
All searches listed in Table I have been carefully im-
plemented and validated, and detailed information on
the validation can be found on the official CheckMATE
web page [48]. Each model point was tested against all
the analyses given in Table I. To do this, CheckMATE
calculates the efficiencies for all signal regions of all
employed searches, and the program then chooses the
signal region with the most sensitivity. To determine
whether the model point in question is excluded at the
95% C.L. [61], we evaluate the ratio
r ≡ S − 1.96 ·∆S
S95exp.
, (12)
where S is the number of expected signal events, ∆S
denotes its theoretical uncertainty, and S95exp. is the
theoretically determined 95% C.L. limit on the signal
depending on the number of background events and
its statistical as well as systematic error. CheckMATE
does not statistically combine signal regions of all the
employed ATLAS searches. We consider a model to be
excluded at 95% C.L. if r defined in Eq. (12) exceeds
1.
In addition, we also display points that are con-
fidently allowed at a certain energy and luminosity.
Here we use an adjusted r′ value, given as
r′ ≡ S + 1.96 ·∆S
S95exp.
, (13)
and define the point as allowed if r′ < 1. Finally, we
define points as “ambiguous” if neither of the above
conditions are met.
In this work we are also interested in the discov-
ery potential, and for this calculation we adopt the
method called ZBi in Ref. [62] due to its optimality
properties. The algorithm incorporates uncertainties
in the background estimation in a fully frequentist
fashion.
C. Rescaling due to energy and luminosity
To be able to investigate all the combinations of
centre-of-mass energy and integrated luminosity de-
scribed above, a rescaling procedure has been used.
We use a rescaling since there are currently only a
handful of searches published by the ATLAS and
CMS collaborations that target relevant processes at
the high luminosity LHC. After trying to fully repro-
duce all significant standard model and detector back-
grounds, we found that such a rescaling is more accu-
rate than, for example, trying to reproduce the correct
multi-jet background estimation using a fast detector
simulation.
All the searches used are listed in Table I. We can
see that most analyses are for 14 TeV and 3000 fb−1
and no analyses are available for 13 TeV and 20 fb−1
or 100 fb−1. Since we want to compare the exclusion
reach of the LHC at these various steps, we rescale the
background numbers given by the original searches to
the centre-of-mass energies and integrated luminosi-
ties that we need. We also rescale the generated sig-
nal events in the same way to correctly reproduce the
signal-to-background ratio at different energies. The
exact rescaling procedures are described below.
1. Rescaling the searches
We start the discussion with rescaling the searches
to the different integrated luminosities and centre-of-
mass energies considered. This method will later be
used in CheckMATE to compute new S95exp values that
are used to test model points. The calculation requires
the number of expected background events and its un-
certainty for each signal region. Two different rescal-
ing procedures are used: one to change the centre-of-
mass energy and the other to change the integrated
luminosity.
a. Changing the centre of mass energy To change
the centre-of-mass energy of a search, the number of
background events and their uncertainties are rescaled
with the ratio of the tree-level cross sections at the two
centre-of-mass energies. The cross sections used for
this rescaling were obtained using MadGraph [65, 66].
As a consequence, we assume that the ratio of the
signal-to-background kinematic distributions will not
change significantly between 13 TeV and 14 TeV, or
at least similarly enough so that the signal regions
defined by the searches are insensitive to the difference
within errors.
To rescale the background numbers, every back-
ground process is scaled separately, and then all pro-
cesses are summed to give the total number of back-
ground events at the new centre-of-mass energy. For
some of the searches, background numbers are only
listed for the most significant background processes.
In that case the sum of the individual numbers of
background events is not equal to the total number
7Analysis Energy Luminosity Process Final state Reference
(CheckMATE identifier) (TeV) (fb−1) targeted
atlas conf 2015 067 13 3.3 g˜g˜ ≥ 3 b-jets + MET [60]
atlas phys 2014 010 300 14 300 g˜g˜, q˜q˜ 2-6 jets + MET [63]
atlas phys 2014 010 hl 3l 14 3000 χ˜±1 χ˜
0
2 3 leptons + MET [63]
atlas phys 2014 010 sq hl 14 3000 g˜g˜, q˜q˜ 2-6 jets + MET [63]
atlas phys pub 2013 011 14 3000 t˜t˜ 0-1 lepton + ≥ 3 jets + ≥ 1 b-jet + MET [64]
atl phys pub 2014 010 sbottom 14 300 b˜b˜ 2 b-jets + MET [63]
TABLE I. Summary of the analyses used to test models, along with the energy and luminosity that they have originally
been optimised for.
of background events provided by the ATLAS note.
When rescaling such a search, the relative difference
between the total background and the sum of the in-
dividual processes is kept constant. The uncertainties
on the backgrounds are scaled with the same factor
as the corresponding background and are then com-
bined in the same way as in the original study to give
the total background uncertainty. Due to some of the
searches missing background contributions and uncer-
tainty correlations being taken into account, a simple
combination is not always possible. To estimate these
effects, we follow the same approach as for the total
numbers and keep the relative difference between the
total and the sum of the individual contributions con-
stant.
b. Changing the integrated luminosity When
changing the integrated luminosity from l1 to l2, the
number of background events and the uncertainty are
scaled with the ratio l2/l1. This assumes that noth-
ing other than the number of expected events (signal
or background) changes between the two luminosities,
and for example, possible detector upgrades or differ-
ences in pileup are not taken into account.
2. Rescaling the signal events
When CheckMATE tests a parameter point against
a particular analysis, it sums the weights of the gen-
erated signal events that fall into each signal region.
To compare this number against the expected num-
ber of background events, CheckMATE normalises the
weighted MC events to the cross section of the pro-
cess and the integrated luminosity for the analysis.
When rescaling the signal events, the same normal-
isation procedure is repeated with the desired inte-
grated luminosity and with the cross section of the
process at the desired centre-of-mass energy. As with
the rescaled backgrounds, the effects of different ac-
ceptance times efficiency following from modified kine-
matical distributions at different centre-of-mass ener-
gies are neglected. Also, as for the backgrounds, dif-
ferent pileup and possible detector improvements for
the various integrated luminosities are not taken into
account. The uncertainties on both the number of
signal events and on the cross section are normalised
using the same factor as for the signal events. Conse-
quently, the relative uncertainties remain unchanged
after rescaling.
3. Reduced systematic uncertainty scenario
To account for possible future improvements in the
various systematic uncertainties, we also consider a
scenario where these uncertainties are reduced with
the integrated luminosity. In this case we fix the val-
ues of errors at 20 fb−1 and then assume that the sys-
tematic uncertainties scale like a statistical error with
added data; i.e., the relative uncertainty decreases
with the square root of luminosity, ∝ 1/√L. This pro-
cedure is performed for the uncertainty on the number
of background events and on the cross section. These
uncertainties can be reasonably expected to improve in
the coming years with a better understanding of the
detectors resulting in reduced systematics and, from
the theory side, with more precise calculations of the
relevant background and signal processes. Additional
improvements are expected for the parton distribution
functions at the higher centre-of-mass energies probed
now at the LHC.
Nevertheless, it is extremely hard to predict how
these uncertainties will reduce in the coming years.
We choose to reduce the errors as a statistical un-
certainty since the dominant LHC paradigm is to nor-
malise backgrounds with dedicated control regions and
only use theoretical predictions to extrapolate these
results into signal regions. Obviously, these extrapo-
lations are independent of the collected statistics but
can be improved beyond the naive theoretical uncer-
tainty by combining the results of many different inde-
pendent validation and control regions (especially for
processes like tt¯ production with many different final
states to study). Any estimate is further complicated
by the fact that there is a different proportion of back-
ground final states in each individual signal region we
examine. In addition, each signal region probes a dif-
ferent amount into the tail of the corresponding back-
ground distribution.
In conclusion, to make a more thorough prediction
of the background uncertainty would require a detailed
analysis of each individual signal region. This would
8entail a significant amount of work but would still be
extremely speculative in nature. Therefore we believe
that the far simpler and transparent procedure of sim-
ply reducing the uncertainty due to statistics is more
sensible. This should be considered as the “most” op-
timistic scenario, and our opinion is that reality will
lie somewhere between the two extremes presented.
Explicitly, the method we use is that the systematic
uncertainties are first scaled linearly down to lb from
l1, where lb is the base luminosity of 20 fb
−1 and l1 the
original luminosity for a given search. The uncertain-
ties are then scaled up to the new luminosity l2 with√
l2/lb, giving the complete expression as
σ′(l2) =
lb
l1
√
l2
lb
σ(l1), (14)
where σ (σ′) is either the original (rescaled) uncer-
tainty on the number of background events or the un-
certainty of the cross section. The above expression
can be trivially rewritten as
σ′(l2)
l2
=
√
lb
l2
σ(l1)
l1
, (15)
which explicitly shows that the relative uncertainty
scales as 1/
√L.
D. Experimental analyses considered
The backbone of our study are the searches ATLAS
proposed for HL-LHC analyses [63]. These analyses
take into account the upgraded ATLAS detector con-
figuration, HL-optimised selections and MC-derived
estimation of background processes. They target the
following SUSY benchmark processes:
• direct production of charginos and neutralinos
with decays via W , Z, h;
• production of squarks (1st and 2nd generation)
and gluinos;
• production of bottom squarks.
The assumed centre-of-mass energy is 14 TeV, and the
integrated luminosities of 300 fb−1 and 3000 fb−1 were
considered. The searches have now been incorporated
into CheckMATE and are summarised in Table I. Our
validation was performed based on the information
provided in Ref. [63], both for signal and background
processes.
Since stop production is also clearly important in
our natural SUSY scenario, we also include the sep-
arate high luminosity stop analysis [64]. This is also
optimised for
√
s = 14 TeV, with a final state con-
taining several jets, at least one b-jet, 0–1 leptons and
missing transverse energy; see Table I.
We also include a recent study searching for the di-
rect production of gluinos, based on data collected
during the first phase of Run 2 in 2015. The study
targets multi-b-jets final states with additional missing
transverse energy. While it was optimised for low in-
tegrated luminosity, it may still be relevant for gluino
exclusion when we consider prospects at 20 fb−1 and
relatively light gluinos. We note here that the high lu-
minosity analyses optimised for heavy SUSY particles
could have a limited sensitivity for gluinos just above
the current exclusion limits because the signal regions
are tuned for higher mass states.
Finally, we also retest points that cannot be ex-
cluded with the above searches, with the full suite of
CheckMATE analyses at 8 TeV. As will be seen in the
results section, there are a few points containing light
stops that the high energy analyses are insensitive to
because they are tuned to higher mass SUSY produc-
tion. However, these points are already excluded by
8 TeV searches [67–70].
IV. RESULTS
As described in the numerical analysis section, we
study four different collider scenarios which reflect the
expected progress of the LHC in the coming years.
Namely, we consider 20 fb−1 and 100 fb−1 at 13 TeV,
which is the current integrated luminosity estimate for
Run 2 before the long shutdown begins in late 2018.
We make the assumption that by 2021 the full capa-
bility of the LHC will be achieved, and the restart will
be at 14 TeV. Here we study two integrated luminosity
scenarios, 300 fb−1 and 3000 fb−1.
A. Exclusion with 20 fb−1 at 13 TeV
To begin, we examine our baseline study of 20 fb−1
data collected at 13 TeV. If we look at Fig. 5 (left), we
plot the excluded, ambiguous or allowed points in the
mg˜ vs mχ˜01 plane in scenarios with mt˜1 > 1000 GeV.
We remove scenarios with light t˜1 states so that we
can clearly see the dependence on the g˜ mass. Once
these points have been removed, we can very clearly
see that the phenomenology of the model in this re-
gion of parameter space is dominated by the gluino
and LSP masses. More precisely, we see that scenarios
with gluino masses up to 1700 GeV can reliably be ex-
cluded if the parameter point contains relatively light
LSP masses (mχ˜01 < 600 GeV). Once the LSP mass
becomes larger, however, for the compressed part of
the spectra, mg˜ −mχ˜01 <∼ 300 GeV, the exclusion is no
longer reliable. The lack of exclusion in compressed
spectra is a well-known phenomenon that occurs be-
cause the decay products of the gluino become much
softer and are thus harder to distinguish from the SM
background [71–73]. The largest excluded LSP masses
we find have mχ˜01 ∼ 1000 GeV and are reached when
mg˜ ' 1500 GeV.
9FIG. 5. Plots showing the natural SUSY points that are allowed, excluded or ambiguous within the Monte Carlo
uncertainty at
√
s = 13 TeV with L = 20 fb−1, under the assumption that the current systematic errors will remain
constant. Left: mg˜ vs mχ˜01
for mt˜1 > 1000 GeV. Right: mt˜1 vs mχ˜01
for mg˜ > 2000 GeV.
We now move on to concentrate on the light t˜1 sce-
narios that we have just projected out. To do this we
plot in Fig. 5 (right) the excluded, ambiguous or al-
lowed points in the mt˜1 vs mχ˜01 plane in scenarios with
mg˜ > 2000 GeV. The light gluino parameter points
are removed for exactly the same reasoning as above
so that we can concentrate on the light t˜1 phenomenol-
ogy. We find that for a light LSP (mχ˜01 < 200 GeV),
stops can be excluded up to mt˜1 < 800 GeV.
As for the gluino limits, we find that as the LSP be-
comes heavier (mχ˜01 > 200 GeV), the stop limits that
we can set, quickly degrade. Again, the reason is that
as the scenarios become compressed, the energy of the
visible final state is significantly reduced and the anal-
yses lose sensitivity [74–76]. As an extreme example,
we find points with mt˜1 < 500 GeV still allowed when
mχ˜01 ∼ 300 GeV. However, we want to point out that
very long-lived stops could be observed at the LHC
via R hadron searches [77, 78]. We also note that we
found a large cluster of points at low stop mass that
could not be excluded by the high energy searches that
we used. However, the reason is not that these points
cannot be excluded at 13 TeV with 20 fb−1 but rather
that the searches we use have signal regions tuned for
higher mass states. To illustrate our point, we retest
all of the light points that cannot be excluded with the
8 TeV searches implemented in CheckMATE and these
are given in black. Therefore, we see that the 8 TeV
signal regions that have been tuned better for these
stop masses successfully cover the low mass region.
B. Exclusion with 100 fb−1 at 13 TeV
If we stay at 13 TeV but now move to 100 fb−1, we
see that the exclusion bounds for both the gluino and
stop increase but only by a small amount. More pre-
cisely, Fig. 6 shows that the exclusion on the gluino
mass now reaches almost 2000 GeV while mt˜1 >
1200 GeV. More important, however, is the observa-
tion that the number of compressed points that are
definitely allowed is significantly reduced. If we make
the assumption that searches will exist that target this
region with specifically tuned cuts, the compressed re-
gion can be excluded up to mχ˜01 ' 900 GeV.
Moving on to the stop searches, we see a similar
improvement. Parameter points with mt˜1 < 1000 GeV
are now regularly excluded, but we should also make
it clear that some points are allowed even though they
have mt˜1 ∼ 900 GeV and a light LSP with mχ˜01 ∼
200 GeV. Once again, we see a reduction in the limit
as the LSP mass is increased. However, the light stop
points (t˜1 < 500 GeV) that were previously allowed
with 20 fb−1 are now in the “ambiguous” region and
could probably be excluded with targeted searches.
C. Exclusion with 300 fb−1 at 14 TeV
In Fig. 7 we display the points predicted for exclu-
sion with 300 fb−1 at 14 TeV, and as expected, we see
that the bounds further improve from those obtained
at 13 TeV. For gluinos, assuming mt˜1 > 1300 GeV,
Fig. 7 (left), the exclusion in some parameter points
extends to over mg˜ ∼ 2200 GeV, and the exclusion is
almost complete in the compressed region even as the
LSP mass reaches mχ˜01 ∼ 1000 GeV.
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FIG. 6. Plots showing the natural SUSY points that are allowed, excluded or ambiguous within the Monte Carlo
uncertainty at
√
s = 13 TeV with L = 100 fb−1, under the assumption that the current systematic errors will remain
constant. Left: mg˜ vs mχ˜01
for mt˜1 > 1200 GeV. Right: mt˜1 vs mχ˜01
for mg˜ > 2000 GeV.
FIG. 7. Plots showing the natural SUSY points that are allowed, excluded or ambiguous within the Monte Carlo
uncertainty at
√
s = 14 TeV with L = 300 fb−1, under the assumption that the current systematic errors will remain
constant. Left: mg˜ vs mχ˜01
for mt˜1 > 1300 GeV. Right: mt˜1 vs mχ˜01
for mg˜ > 2500 GeV.
In order to isolate the dependence of the LHC reach
on the stop mass, we now have to place a far harder
cut on the gluino mass (mg˜ > 2500 GeV) in our selec-
tion, and this leads to the sparser coverage of points
shown in Fig. 7 (right). However, the plot still clearly
shows the improved sensitivity to stop states, with
masses above mt˜1 ∼ 1200 GeV now probed for di-
rect production. Nonetheless, the coverage is not com-
plete and much lighter stop states (mt˜1 < 1000 GeV)
are in the “ambiguous” category even with an LSP of
mχ˜01 ∼ 100 GeV.
D. Exclusion with 3000 fb−1 at 14 TeV
Further evolution in the bounds is seen as we move
to the final luminosity estimates expected for the HL
LHC, and these are shown in Fig. 8. We see that
gluinos can now be excluded up to almost mg˜ ∼
2500 GeV for certain scenarios, and all points with
mg˜ < 2000 GeV can definitely be excluded as long
as the parameter points are not highly compressed.
Even in the compressed region, however, we see very
good coverage with almost all points at mχ˜01 ∼ mg˜ ∼
1000 GeV completely excluded and only a few remain-
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FIG. 8. Plots showing the natural SUSY points that are allowed, excluded or ambiguous within the Monte Carlo
uncertainty at
√
s = 14 TeV with L = 3000 fb−1, under the assumption that the current systematic errors will remain
constant. Left: mg˜ vs mχ˜01
for mt˜1 > 1500 GeV. Right: mt˜1 vs mχ˜01
for mg˜ > 2500 GeV.
ing in the ambiguous category.
For stops the limits can now even reach beyond
mt˜1 ∼ 1500 GeV for the most sensitive parameter
points. However, we still see significant variation
across the parameter space, and some models with a
light stop with mt˜1 < 1000 GeV are in the ambiguous
category, which we cannot be sure will be excluded.
Some of this variation is due to differences in how the
stop states can decay but the major difference is down
to the masses of the other coloured scalars in the the-
ory.
For example, if we examine the ambiguous points
in Fig. 8 (right) with mt˜1 < 1000 GeV and mχ˜01 ∼
100 GeV, we find that the light stop in these pa-
rameter points is the right-handed SU(2) singlet. It
decays at comparable rates to different final states
(see Eqs. (4) and (5) and the following discussion),
which weakens sensitivity of the individual searches.
The SU(2)-doublet stop (along with the partner sbot-
tom) by contrast is effectively decoupled from the
LHC phenomenology with masses ∼2000 GeV. In ad-
dition, the gluinos are very heavy for these points, with
mg˜ ∼ 3000 GeV.
A comparison to these light stop points is pro-
vided by a spectra where the lightest stop has mt˜1 ∼
1500 GeV but the point can still be excluded. The
reason is that all of the coloured scalars (t˜1, t˜2, b˜1) in
the model have a very similar mass (∼ 1500 GeV), and
this provides a significant production cross section. In
addition, while the gluino is not light enough by it-
self to result in the parameter point being excluded,
the mass (mg˜ ∼ 2560 GeV) is in the borderline re-
gion, where the production cross section still provides
additional events for the dedicated stop searches.
E. Exclusion with 3000 fb−1 at 14 TeV:
Reduced errors
In all of the above results we have assumed that
the systematic uncertainties are constant (as a pro-
portion) for all the different luminosities and energies
that we investigate. However, it can be expected that
as the LHC develops, these uncertainties will reduce as
the collider and detectors become better understood.
In particular, many backgrounds do not rely on MC
predictions but are derived from data, and thus the
uncertainty can be expected to improve. As an ap-
proximation to illustrate how the reach of the LHC
can improve as the uncertainties are reduced, we take
the current errors at 20 fb−1 as the baseline and scale
these according to the collected statistics (i.e. the un-
certainties reduce ∝ 1/√L, see Sec. III C 3).
Figure 9 shows the expected parameter points that
can be excluded, are ambiguous or are expected to
be allowed under the above assumption. We see that
for the gluino limits the effect is not so stark, and it
simply increases the expected exclusion for almost all
parameter points investigated to mg˜ > 2500 GeV.
The effect on the stop limits, however, is far
stronger. Figure 9 (right) shows that the exclusion
is possible for the majority of points with mt˜1 <
1400 GeV and mχ˜01 < 600 GeV. This is a significant
change compared to the scenario where the system-
atic errors remained unchanged and some points with
mt˜1 ∼ 900 GeV were still not definitely excluded. In
addition, in the region where the LSP is heavier and
the scenario begins to become compressed the limits
also increase substantially. For example, without a
reduction in the systematic error, no strict bound on
the LSP mass for mt˜1 ∼ 1000 GeV could be set. How-
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FIG. 9. Plots showing the natural SUSY points that are allowed, excluded or ambiguous within the Monte Carlo
uncertainty at
√
s = 14 TeV with L = 3000 fb−1, under the assumption that the systematic errors will reduce in proportion
to the collected luminosity. Left: mg˜ vs mχ˜01
for mt˜1 > 1600 GeV. Right: mt˜1 vs mχ˜01
for mg˜ > 2500 GeV.
ever, with the reduced error we now find no parameter
points that are allowed and only a few that are am-
biguous for mt˜1 ∼ 1000 GeV with mχ˜01 < 600 GeV.
One may ask, why the reach to stop states is im-
proved far more with reduced systematic uncertainties
compared to the increase in the gluino limits. Our rea-
soning is that different kinematics are probed by high-
mass gluino production compared to the lower mass
stop production. Namely, the gluino searches are at
the LHC kinematic limit when probing pair produc-
tion with mg˜ ∼ 2500 GeV. Here the parton distribu-
tion functions (PDFs) are dropping so quickly, even
when we reduce the systematic errors significantly,
that we simply lack enough signal events for the limits
to increase appreciably.
The stop limits are different since for their typi-
cal masses (∼1000 GeV), we are much further away
from the kinematic boundary where the PDFs rapidly
reduce the production cross sections. Rather, the
difficulty in successfully setting limits is due to the
large standard model background that comes predom-
inantly from top pair production. If we can success-
fully reduce the systematic error on this background,
far more of the parameter space can be probed.
F. Most sensitive analyses
In Fig. 10 we plot the most sensitive analysis for
every parameter point that can be excluded with
3000 fb−1 at 14 TeV, assuming the systematic errors
remain constant. We can clearly see that the param-
eter space can be divided into regions where differ-
ent searches are most sensitive. If we first look at
the mg˜ vs mχ˜01 plane (Fig. 10 (left)), we see that, in
general, the most powerful search for kinematically
accessible gluinos (mg˜ < 2300 GeV) and light LSPs
(mχ˜01 . 600 GeV) is the one-lepton stop pair pro-
duction search [64] shown in blue. Since these points
are dominated by gluino production, this may, at first
sight, seem surprising. However, the signal regions are
reasonably general and rely on the following:
• large missing energy, EmissT ;
• transverse mass between the lepton and EmissT ;
• EmissT significance, EmissT /
√
HT, where HT =∑4
jets=1 |~pT|;
• reconstructed hadronic top, 130 < mjjj <
205 GeV.
Since the gluinos in our scenarios very commonly de-
cay via cascades involving top quarks, it is easy to see
why such an analysis is so sensitive to our models.
In similar regions of parameter space we also find
that the 0-lepton version of the analysis [64] is sensitive
(points in red). Again, this is not surprising because
the search concentrates on high missing energy along
with high jet multiplicity (≥ 6), of which at least two
must be b-jets. While these signal regions are again
labelled as stop searches we should point out that they
actually share more in common with the current gluino
searches, and thus it is natural that they so strongly
constrain the gluinos in our model.
As we go to higher LSP masses (mχ˜01
>∼ 600 GeV),
we see a bulk region in orange that denotes the param-
eter points expected to be excluded by the three b-jets
search for gluinos [60]. The reason why the general
gluino search becomes more sensitive in this region is
that the spectrum starts to become more compressed
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FIG. 10. Most constraining analyses for each of the parameter points excluded at
√
s = 14 TeV with L = 3000 fb−1
assuming the systematic errors remain constant. Left: mg˜ vs mχ˜01
. Right: mg˜ vs mt˜1 .
as the LSP mass is raised. The consequence of such
compression is that we produce fewer (or no) on-shell
top quarks in the cascade decay chains. Consequently,
the one-lepton stop search that requires a hadronically
reconstructed top quark is no longer so sensitive, and
we rely on the simpler jet, b-jet and missing energy
search.
To the left of the orange region is an area domi-
nated by purple points that signify the general jets
and missing energy squark and gluino search but with
the signal regions optimised for 300 fb−1. This is the
compressed region of parameter space where the gluino
and LSP lie close in mass. Thus, the decay products
of the gluino become soft, and we rely on initial state
radiation (ISR) in order to set limits on the model.
Consequently, it is not so surprising that the domi-
nant search in this region no longer relies on b-tags or
leptons since these will, in general, be softer and less
likely to pass the kinematic cuts. In addition it is not
surprising that the 300 fb−1 version of the jets and
EmissT analysis performs better than the one optimised
for 3000 fb−1. The reason is that the cuts are softer
for 300 fb−1 signal regions, and thus the acceptance
for the ISR signature is much higher.
One may also ask how monojet searches may per-
form in this region since they can give the strongest
bounds for very compressed models. However, this
is typically only the case for extreme compression
(< 20 GeV mass difference) [72, 73], and more recent
studies suggest that the multijet search may actually
give stronger constraints on gluino production as we
move to 13 TeV [79].
A region where the 3000 fb−1 jets and EmissT anal-
ysis does provide some of the strictest limits is for
high mass gluino pair production between 2000 and
2500 GeV (black points). The region can be more
clearly seen in the mg˜ vs mt˜1 plane of Fig. 10 (right)
with the black points at high gluino and stop masses.
The same plot also more clearly illustrates the sig-
nal region dependence in the area of parameter space
where stop production dominates. These points can be
seen for mg˜ >∼ 2300 GeV, where the high gluino mass
leads to a decoupling from the LHC phenomenology.
Looking at the plot we can clearly see a difference
in the most sensitive analysis for stop masses above
and below ∼1000 GeV. Above this mass, the domi-
nant search is the dedicated stop analysis with either
one lepton (blue points) or 0 leptons (red points) in the
final state. Such a result should be expected as these
searches have been precisely tuned for stop masses in
this range.
The green points in Fig. 10 (right) also show that
if the spectrum contains a light sbottom squark, this
can be a sensitive production mode. Such a search
is particularly important for natural SUSY since, as
stated before, if the lightest stop in the spectrum is
the SU(2) partner, the corresponding SU(2) sbottom
must be close in mass. We see that for lower masses,
the direct search for sbottoms may actually be more
sensitive than those for stops.
14
0 500 1000 1500 2000 2500 3000
Mass in GeV
0
500
1000
1500
2000
2500
3000
N
o
. 
o
f 
a
llo
w
e
d
 p
o
in
ts
13TeV, 20fb−1, linear errors
χ˜01
g˜
t˜1
t˜2
b˜1
0 500 1000 1500 2000 2500 3000
Mass in GeV
0
500
1000
1500
2000
2500
3000
N
o
. 
o
f 
a
llo
w
e
d
 p
o
in
ts
13TeV, 100fb−1, linear errors
χ˜01
g˜
t˜1
t˜2
b˜1
0 500 1000 1500 2000 2500 3000
Mass in GeV
0
500
1000
1500
2000
2500
3000
N
o
. 
o
f 
a
llo
w
e
d
 p
o
in
ts
14TeV, 300fb−1, linear errors
χ˜01
g˜
t˜1
t˜2
b˜1
0 500 1000 1500 2000 2500 3000
Mass in GeV
0
500
1000
1500
2000
2500
3000
N
o
. 
o
f 
a
llo
w
e
d
 p
o
in
ts
14TeV, 3000fb−1, linear errors
χ˜01
g˜
t˜1
t˜2
b˜1
FIG. 11. Distribution of particle masses in allowed parameter points after 13 TeV with 20 fb−1 (top left), 13 TeV with
100 fb−1 (top right), 14 TeV with 300 fb−1 (bottom left), 14 TeV with 3000 fb−1 (bottom right).
G. Distribution of allowed points
The cumulative effect of the LHC searches at differ-
ent energies and luminosities can be most easily seen
by plotting distributions of the allowed mass spectra.
We show these distributions in Fig. 11 for different
integrated luminosity and energy stages.
It is instructive to start the analysis by comparing
the distributions of all the analysed points, Fig. 4, to
the distribution after 20 fb−1 at
√
s = 13 TeV, the
upper left panel of Fig. 11; we see that roughly half of
the points become excluded at this stage. The distri-
butions for stops and sbottoms have a similar shape,
however, and this is due to the fact that the majority
of the exclusion is driven by the mass of the gluino.
For higgsinos we observe that the mass distribution is
now skewed towards higher masses since compressed
scenarios are more difficult to probe. The most dra-
matic change, however, can be seen for gluinos. The
majority of the points with mg˜ . 1900 GeV would
be excluded at this stage. This confirms the fact that
gluinos offer the most robust discovery potential at the
LHC.
As we continue the analysis for the following LHC
stages we observe a rather modest improvement for√
s = 13 TeV with 100 fb−1, the upper right panel
of Fig. 11. There is some reduction in the number of
allowed points, of course, which is visible in the t˜2 dis-
tribution. There is also a further shift towards heavier
higgsinos. The trend continues for LHC 14 TeV with
300 fb−1 (the lower left panel of Fig. 11), but we also
observe an increase in the exclusion limit in the gluino
masses, possibly more due to the increased centre-of-
mass energy rather than the increased integrated lu-
minosity.
At the final luminosity stage of 3000 fb−1 (the lower
right panel of Fig. 11), we see a clear difference in all
distributions compared to Fig. 4. The allowed points
now cumulate around upper limits of the scanning
ranges, and the gluino exclusion limit is pushed to
∼2500 GeV. Not surprisingly, however, there are still
allowed points with low higgsino masses that would
remain undetected as long as the other superpartners
are sufficiently heavy.
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H. Discovery with 3000 fb−1 at 14 TeV
Of course, the focus of the LHC is not purely to
exclude models of new physics but to hopefully actu-
ally discover new particles. For this reason, we also
make projections for the discovery potential (5σ) of
the HL LHC at 14 TeV with 3000 fb−1. In Fig. 12
(left) we plot the points that can be discovered in the
mg˜ vs mχ˜01 plane and colour these points according to
whether they are predicted to be excluded, ambiguous
or allowed with 20 fb−1 at 13 TeV. The plot shows
that gluinos up to ∼2000 GeV can be discovered for
light LSPs (the points beyond this are mainly due to
light stops being present in the spectrum). As for the
exclusion curves, discovery is much harder in the com-
pressed region but can be made for some points up to
mg˜ ∼ 1000 GeV.
However, what is far more striking is that the vast
majority of these points would have been excluded
with 20 fb−1 at 13 TeV. In fact only a very small
proportion of points (in green) are definitely allowed
with 20 fb−1 at 13 TeV and these points lie in two dis-
tinct regions. First, there exists a thin strip, 1800 .
mg˜ . 2100 GeV where allowed points can be discov-
ered. Second, in the region of high compression, the
much higher statistics allows points to be discovered
that were not excluded with 20 fb−1 at 13 TeV. We
therefore come to the conclusion that the coming LHC
run will already begin to probe the majority of param-
eter points that contain a gluino within the eventual
LHC discovery reach. Essentially, if natural SUSY is
to be discovered at the LHC, we may expect the first
signs to appear this year.
A very similar conclusion is reached if we exam-
ine the parameter points with light stop masses that
can be discovered at the HL LHC. In Fig. 12 (right)
we show the points that can be discovered in the
mg˜ vs mt˜1 plane. Here the majority of points with
mg˜ < 2000 GeV are excluded by direct gluino searches,
but beyond this, we see the parameter points that
can be discovered thanks to direct stop production.
We see that stop masses up to ∼1200 GeV can be
discovered in the natural SUSY paradigm. However,
we also see that the majority of the points that can
be discovered, will already have been excluded with
20 fb−1 at 13 TeV. Once again, we see only a narrow
strip (with some compressed spectra points below),
this time in the range 800 . mg˜ . 1200 GeV, which
contains points that cannot be probed with 20 fb−1 at
13 TeV but can be discovered. Therefore, for stops we
also come to the conclusion that the first signs should
appear soon if an unambiguous discovery can be made
at the LHC.
I. Discovery with 3000 fb−1 at 14 TeV:
Reduced errors
The previous section makes the assumption that the
systematic uncertainties on the background and sig-
nal remain at their current values. However, we also
investigate how the discovery potential of the LHC
is improved if the uncertainties can be reduced. We
therefore again reduce the systematic uncertainties ac-
cording to the increase in the collected statistics in the
same way as Sec. IV E.
If we now compare the previously discussed dis-
covery potential in Fig. 12 with the reduced uncer-
tainty case shown in Fig. 13, we see a significant in-
crease in the SUSY masses that the LHC can dis-
cover. Specifically, we see that in a natural SUSY
setup we can expect to discover gluino masses up to
mg˜ ∼ 2400 GeV. Perhaps more importantly, however,
is the fact that Fig. 13 (left) shows that the cover-
age for lighter gluinos (mg˜ . 1500 GeV) but heavier
LSPs (mχ˜01
>∼ 800 GeV) is now far more comprehen-
sive. Nevertheless, for the majority of these points,
the first signs should already be seen at 13 TeV with
20 fb−1.
A similar conclusion can also be reached when the
discovery is facilitated by light top squarks in the spec-
trum. Examining Fig. 13 (right), we see that stops up
to mt˜1 ∼ 1400 GeV can now be discovered, and this
is to be compared to ∼1200 GeV if the systematic
errors are not reduced. As for the gluino case, how-
ever, the increase in the discovery potential is perhaps
undersold by only studying the mass reach. More im-
portant is the fact that without reduced uncertainties,
only a very small region of parameter space can be dis-
covered with 3000 fb−1 at 14 TeV that is not already
ruled out with 20 fb−1 at 13 TeV. If the uncertainties
can be reduced, however, this picture changes signif-
icantly, and far more of the parameter space is left
open for discovery.
V. SUMMARY AND CONCLUSION
In this paper we have examined the prospects
of probing and even discovering so-called “natural”
SUSY as the LHC progresses in both collected lumi-
nosity and energy. To map the progress we consid-
ered four different LHC scenarios: 20 fb−1 at 13 TeV,
100 fb−1 at 13 TeV, 300 fb−1 at 14 TeV, and 3000 fb−1
at 14 TeV, and first explored the gluino and lightest
stop masses that can be excluded at each setup.
For gluino masses, the maximum exclusion ranges
from ∼1.7 TeV with 20 fb−1 at 13 TeV to ∼2.5 TeV
with 3000 fb−1 at 14 TeV. In contrast, the lower pro-
duction cross sections for stops result in correspond-
ingly weaker bounds of ∼800 GeV with 20 fb−1 at
13 TeV to ∼1.5 TeV with 3000 fb−1 at 14 TeV. We
should also mention that these bounds heavily depend
on the mass of the LSP in the spectrum. In particular,
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FIG. 12. Plots showing the natural SUSY points that can be discovered at
√
s = 14 TeV with L = 3000 fb−1, under
the assumption that the current systematic errors will remain constant. We classify these points as excluded, ambiguous
within Monte Carlo uncertainty and allowed at 13 TeV with 20 fb−1, and those already excluded at 8 TeV. Left: mg˜ vs
mχ˜01
. Right: mg˜ vs mt˜1 .
FIG. 13. Plots showing the natural SUSY points that can be discovered at
√
s = 14 TeV with L = 3000 fb−1, under the
assumption that the systematic errors will reduce in proportion to the collected luminosity. We classify these points as
excluded, ambiguous within MC uncertainty and allowed at 13 TeV with 20 fb−1, and those already excluded at 8 TeV.
Left: mg˜ vs mχ˜01
. Right: mg˜ vs mt˜1 .
as the LSP mass rises, the spectra become compressed,
and we see a reduction in the LHC reach. For exam-
ple, with 3000 fb−1 at 14 TeV we can set no bound on
the stop mass if χ˜01 >∼ 600 GeV, but many points also
survive with both lower stop and LSP masses.
The above conclusions assumed that the systematic
uncertainties remain at approximately their current
levels. In order to see how the LHC reach depends
on this assumption, we also investigated the effect
of reducing the systematic uncertainty according to
the collected luminosity (i.e. the uncertainty scales as
1/
√L). Reducing the uncertainty in such a way only
has a small effect on the LHC reach for gluinos, and
the mass limits rise by ∼100 GeV to mg˜ >∼ 2600. The
small difference is due to the fact that for such high
masses, gluino production is almost at the kinematic
limit, and thus reduced systematic errors can only
marginally improve the bound. In contrast, the limits
on stop production are markedly improved. In partic-
ular, for low mass LSP stops can be reliably excluded
17
for mt˜1 < 1400 GeV, whereas if the uncertainties re-
main constant, many points with mt˜1 ∼ 1000 GeV are
ambiguous. A similar conclusion can be seen in terms
of the LSP mass, where with the reduced errors, very
few points with mχ˜01 < 700 GeV remain (assuming
mt˜1 < 1400 GeV). This can be compared to the case
without reduced errors, where it is very hard to make
strong statements in the mt˜1 vs mχ˜01 plane.
Our most important results, however, are regarding
the expected discovery reach of the LHC at high lumi-
nosity (3000 fb−1 at 14 TeV). We come to the rather
sobering conclusion that assuming the systematic er-
rors remain constant, there are relatively few parame-
ter points that can be discovered that are not already
excluded with 20 fb−1 at 13 TeV. Essentially, if natural
SUSY is to be discovered at the LHC, the first hints
probably need to start appearing this summer. The
situation changes slightly if the systematic errors can
be reduced as more data are collected at the LHC. If
we again take the scenario that the systematic uncer-
tainty scales as 1/
√L, the prospects of a natural SUSY
discovery at high luminosity become more optimistic.
For gluinos we find a mass band 1800 <∼ mg˜ <∼ 2400,
where spectra that are not excluded with 20 fb−1 at
13 TeV can still eventually be discovered. A similar
mass band 900 <∼ mt˜1 <∼ 1400 exists for stops, and this
shows the importance of reducing the systematic un-
certainties to fully exploit the discovery potential of
the high luminosity LHC.
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